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Piezoelectric field-enhanced second-order nonlinear optical susceptibilities
in wurtzite GaN/AlGaN quantum wells
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Second-order nonlinear optical processes including second-harmonic generation, optical
rectification, and difference-frequency generation associated with intersubband transitions in
wurtzite GaN/AIGaN quantum wellQW) are investigated theoretically. Taking into account the
strain-induced piezoelectri®2) effects, we solve the electronic structure of the QW from coupled
effective-mass Schdinger equation and Poisson equation including the exchange-correlation effect
under the local-density approximation. We show that the large PZ field in the QW breaks the
symmetry of the confinement potential profile and leads to large second-order susceptibilities. We
also show that the interband optical pump-induced electron-hole plasma results in an enhancement
in the maximum value of the nonlinear coefficients and a redshift of the peak position in the
nonlinear optical spectrum. By use of the difference-frequency generation, THz radiation can be
generated from a GaN/{b<Ga, »gN with a pump laser of 1.5pum. © 2000 American Institute of
Physics[S0003-695000)01203-1

During the past decade there has been considerable idirection (z axis). In the second-order perturbation theory,
terest in the second-order nonlinear optical properties othe zzzcomponent of the nonlinear susceptibility tensor that
semiconductor quantum wel[QWs) associated with inter- describes the sum-frequency generation;{ »,) and
subband transitions.® In most of the previous work;® an  difference-frequency generationw(—w,) processes is
asymmetric QW structure was used to obtain a large secongiven by!?
order nonlinearity. Because of the small conduction band @) _
offset for QW structures such as GaAs/@h _,As, the X (01% w3501, % W)

second-harmonic generation and optical rectification were ed (D1 Dk D

usually measured at the wavelength arouncgui®by use of =5 Py . (Nj—Np)
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CO, lasers. The experimentally used structures include com-

positionally asymmetric quantum weflS, asymmetrically 1 1

coupled quantum welt$® and applied-field-biased quantum X fiw,—Em+i0m * *hwy—Ep+il

wells?

In this letter we show that the large strain-induced piezo-
electric (P2) field in a wurtzite GaN/AlGaN quantum well
breaks the symmetry of the confinement potential profile and 1
leads to large second-order susceptibilities. We also show + :
that the nonlinear susceptibilities can be controlled by an *hop—Egmtilm
external dc field or an interband optical pump field. Depend-
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ing on the bias direction relative to the PZ field direction, the' EQ- (1), (2 i (2)zii(2)dz, B =E—E;, wheref,

. ' . . and ¢,(z) are the eigenenergy and the corresponding enve-
applied dc field leads to either a blue- or redshift of the pea .

o . . ope wave function of théth subband of the QW. The quan-
position of the nonlinear optical spectrum due to the.. . o

ntum-confined Stark effect. while th mp-ind d:uty N, is the 3D electron density in tH¢h subband and'y
quantum-confine arketiect, € the pump-InduceG e jine broadening factor for the transition between sub-
electron-hole plasma results in a redshift of the nonlineal

. 3handsk andl. Note that we have neglected the conduction
spectrum because of the many-body screening effect. OWlngand nonparabolicity in deriving E¢l) for simplicity.

to the large band offset, THz radiation can be generated from To obtain the eigenenergies and envelope wave func-
a GaN/Ab 7555 2N QW by use of difference-frequency iong of the Qw, we solve the effective-mass Sciimger

generation with a pump laser of 1.6n. equation coupled with the Poisson equation. The exchange-
We consider 40001)-grown GaN/AlGaN QW structure  correjation  effect is included in the local-density

in the presence of two optical fields with angular freque”Cie%pproximatiorﬂl The conduction band offset is given by
of w; and w, with the polarization along the well growth Agcy p__ where AEC is the conduction band discontinuity
between the well and barrier layers in the absence of strain
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FIG. 1. Self-consistent potential and the three lowest energy levels with
corresponding wave functions of a GaN/AIN quantum well with a GaN

width of 6 nm. The 5 nm wide barrier layers are doped with an ionized
donor concentration of 810 cm™3. The self-consistent potential without 04 045 05 055 06
the piezoelectric field is shown in dashed curve. Photon Energy (eV)

FIG. 3. Second-harmonic?)) and optical rectification(?) susceptibili-

is a hydrostatic energy shift due to strafnThe strain- ties of a GaN/AIN quantum well as a function of the fundamental photon

induced piezoelectric field is given lfy energy for different interband optical pump-induced electron-hole sheet den-
sities. The QW parameters are the same as those in Fig. 1. The line broad-
o 2da, 2C§3 . ening isT'=7 meV.
= — €,
ege, | C1t Crzm e 3

applied dc fields. Here we consider the applied field is posi-
tive when it is along the same direction as the PZ field. We
see from Fig. 2 that the second-order nonlinear effects are
Njjonzero for the symmetric QW without the applied field be-
cause the strain induced PZ field breaks the symmetry of the

whered,; is the piezoelectric constarg, is the relative di-
electric constantC;; is the elastic stiffness coefficieng;
=(as—ag)/a., a5 and a, are the lattice constants of the
substrate and the epitaxial layer, respectively. For the Ga
AlGaN QW we takea,= —4.08 eV For a 6 nm GaN well o
. . L ystem. In the frequency range in FigaRthere are two

sandwiched between AIN barrier layers, the strain-induced . .

L : resonance peaks in the second-harmonic spectrum. The
PZ field is estimated to be about 4.28 MV/cm. The relevanﬁ .

ower energy peak is due to the resonance fatw2 E3q,

parameters are taken from Ref. 12. Under a modulation dop-, . 7
ing with an ionized donor concentration of<&L08cm 3 while the higher energy peak stems from the resonance at
' w=E,;. There is also a resonant pefatot shown in Fig.

the self-consistent potential and the three lowest energ .
wave functions are shown in Fig. 1. For comparison, we als%a):| when the fundamental photon energy is equakgg.

plot the self-consistent potential without the PZ field in the ut the magnltu_de of th.a.lt p(_eak Is smaller than those in Fig.
dashed curve. It is clear from Fig. 1 that the large PZ field inz(a)' For the optical .rect|f|cat|on spectrum there are tW.O reso-
the well significantly changes the symmetry of the potentialf';anfellE peaks. Ohne IS I.OCiFEdhab: I\EA% anokl]the \%h_e rs gt
profile of our symmetric QW without an applied field. Thus *® ~ =31 [not shown in Fig. f)]. en the QW is sub-

we would expect large second-order nonlinear coefficients iﬁeCtEd to an applied field, the quantum-confined Stark effects
such a system.

shift the intersubband transition energies and lead to a shift
In Fig. 2 we show the second-harmonigf)) and opti-

of the peak in the nonlinear spectra. We also note from Fig.
cal rectification §{») susceptibilities of a GaN/AIN QW as

2 that the peak values of the nonlinear coefficients slightly
a function of the fundamental photon enevgy for different increase when the QW is negatively biased.

The idea of using the interband optical pump to control
the linear intersubband absorption in QWs has been experi-
mentally demonstratef. The interband pump field creates
an electron-hole plasma. The photoinduced electrons en-
hance the intersubband absorption. The many-body screen-
ing also changes the single particle energy, so that the ab-
sorption peak position is also modified by the electron-hole
density. Here we propose to control thenlinear processes
in the QW by means of an external optical pump. To calcu-
late the second harmonic and optical rectification suscepti-
bilities with an interband pump, we again solve self-
consistently the effective-mass Schimger equation and
Poisson equations taking into account the fact that the pump
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0 ‘ field induces a sheet electron-hole densilty,. The
0.45 0.5 0.55 0.6 exchange-correlation effect is also included. In Fig. 3 we
Photon Energy (eV) show the second—harmonig(gza?) and optical rectification

(x$?) susceptibilities of a GaN/AIN QW as a function of the
FIG. 2. Second-harmonic€?)) and optical rectificationx{?) susceptibili-

ties of a GaN/AIN quantum well as a function of the fundamental photonfur_ldament_al phqton e'?erg@“’ fo.r different electron-hole .
energy for different applied fields. The QW parameters are the same as i@l densities. With an increase in the electron-hole density,

Fig. 1. The line broadening =7 meV. the peak value of the nonlinear coefficients increase as ex-
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311 : applied field the maximum value appearsxt0.7 THz,
30 . A=LS5um while at a field of—30 kV/cm the maximum position is near
~ b D=1.8THz. To obtain a largey?) for the difference-
E 5L ] frequency generation in the THz range, it is possible to im-
« 05 730 prove our design such as using coupled quantum wells so
2 30kv/em thatEg, is in the THz range. Nevertheless, Fig. 4 shows that
18 the enhancement QJ‘DZ) is about a factor of Zcompare the

peak values ab = 0.3464 eV and = 0). Also, we point out

that other QW structures such as InGaAs/AlA$Swhich

have a large band edge discontinuity, can also be designed to
have the same features with field control or built-in asymme-
try, and can be pumped at 1.55 or 1 48 wavelengths.

In conclusion, we present a study of second-order non-
FIG. 4. Difference-frequency generationy®)) susceptibility of a linear processes in a wurtzite GaN/AlGaN quantum well. We
gfi’\g'(“'o.mG%.)zs;\érqdui;gﬁzm ;Ve”"gz z‘efISZCtT'%Z ?Jntg: ng‘grfﬁ;?”%%tfgﬁqe“ne;cy show that the large strain-induced PZ field results in huge
ﬁw1=8).18 egzis fixed. The otﬂ()ar QW par.ameters are the sgme as thosgeyiﬁecon_d_Order nonlinear susceptibilitighout two-orders of
Fig. 1. The line broadening iE,=7 meV. magnitude larger than the bulk value of GaA®Ve also

investigate the effects of the applied field and the interband

o ] ~__optical pump field on the second-order nonlinear processes

pected. The peak location in the nonlinear spectra is signifiy, the QW. Because of the presence of the PZ field, an ap-
cantly redshifted with an increase of electron-hole densi%“ed field can lead to both a blue and red shift of the optical
because the plasma screening reduces effectively the quagsectrum. The interband pump results in only a redshift of

tum size effect so that the intersubband transition energiesaég)e spectrum because of the plasma screening. Owing to the
the QW become smaller. These results suggest that thgrge pand offset and the large PZ field, the GaN/AIGaN QW

second-order nonlinear processes can be easily controlled Way find an application in the frequency around 1/58.
the interband pump field.
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